The opportunistic human pathogen Pseudomonas aeruginosa uses two surface organelles, 26 flagella and pili, for motility and adhesion in biotic and abiotic environments. Polar 27 flagellar placement and number are influenced by FlhF, which is a signal-recognition 28 particle (SRP)-type GTPase. The FlhF proteins of Bacillus subtilis and Campylobacter 29 jejuni were recently shown to have GTPase activity. However, the phenotypes associated 30
Materials & Methods 78
Bacterial strains, media and culture conditions 79
The strains and plasmids used in this study are listed in Table 1 . Bacteria were 80 cultured and propagated in Luria broth (LB) (1% tryptone, 0.5% yeast extract, 1% NaCl), 81 in M8 media with 0.4% glucose and 0.05% sodium glutamate, or on Vogel-Bonner 82 minimal medium (VBM) agar plates (15). Antibiotics were added to liquid and solid 83 media as appropriate at the following concentrations: E. coli, 100 μg/ml ampicillin, 50 84 µg/ml kanamycin and 20 μg/ml tetracycline; P. aeruginosa, 200 μg/ml carbenicillin, 100 85 µg/ml gentamicin and 100 μg/ml tetracycline. 86
87

Construction of FlhF-His 6 and GST-FlhF-His 6 fusion proteins 88
DNA was transformed into chemically competent E. coli or electroporated into 89 competent P. aeruginosa (16). DNA primers used in cloning and site-directed 90 mutagenesis are listed in Table 2 . Nucleotide sequencing was performed by the Keck 91 DNA Sequencing Facility (Yale University). The wild type flhF gene was amplified 92 from P. aeruginosa PA103 using the primers KA-1 and KA-2, cloned using the pCR-93
Blunt II-TOPO Cloning Kit according to (Invitrogen) . The sequence of the cloned gene 94 was confirmed by sequencing. The flhF-His6 gene was then subcloned into pBAD30 and 95 pGEX-6P-2 expression vectors. These constructs were transformed into E. coli 96 BL21(DE3) for expression and purification. 97
98
Protein expression and purification 99 8 sequence of each construct was confirmed by sequencing; mutated genes were then 145 subcloned into pGEX-6P-2 to generate amino-terminal GST fusion proteins as above. 146
Mutant proteins were expressed and purified using the same methods as described for 147 wild type FlhF. 148
149
Construction of complemented P. aeruginosa ∆flhF strains 150
Wild type flhF, flhF-His6 and mutant flhF-His6 alleles were cloned into pSW196 151 under the control of the pBAD promoter (18). This plasmid, which integrates at the 152 chromosomal attB site, was transformed into E. coli S17-1 and mobilized into P. 153 aeruginosa PAK ΔflhF by mating. Selection of integrants was carried out on VBM 154 tetracycline plates as previously described, and mutant constructs were confirmed by 155 PCR and by immunoblotting (19). After integration into the attB site, vector backbone 156 sequences were excised by Flp recombinase as previously described (20) . 157
158
Antibody against PAK flagellin (FliC) 159
The strain PAK ΔpilA was constructed by allelic recombination, using a 160 previously described pEX18Gm pilA::aacC1 suicide vector in which the pilA gene is 161 replaced by a Gm R cassette (21). Briefly, this construct was mobilized into PAK by 162 mating. Ex-conjugants were selected on VBM gentamicin plus 5%(w/v) sucrose (to 163 select for gene replacement and loss of the vector encoded sacB gene). The mutation was 164 confirmed by PCR, Western blotting and phenotype (loss of twitching motility). Flagella 165 were then sheared from the surface of PAK ∆pilA and purified as described in (22) . 166
Rabbits were immunized with purified flagella in complete Freunds adjuvant, then 167 9 boosted with flagella in incomplete Freunds adjuvant. Antiserum was adsorbed by 168 incubation with whole PAK ∆fliC, and antibodies were purified using a Hi-Trap ProteinG 169 Western blotting was carried out as previously described (7). Membranes were 180 probed with anti-GST-HRP antibody alone (1:4000; GE Healthcare) or with anti-FlhF 181 antiserum (1:4000) followed by horseradish peroxidase (HRP)-conjugated goat anti-182 rabbit antibody (1:4000; BioRad). 183
column (GE Amersham
)
184
GTPase activity assays 185
Two types of GTPase activity assay were performed. For qualitative analysis of 186
GTPase activity, single-turnover reactions were initiated by addition of 0.2 μCi of α-32 P-187 GTP (50 nM) into reaction buffer (20 mM HEPES pH 7.5, 350 mM NaCl) containing 188 excess FlhF-His6 protein (~5 μM). Aliquots (10 μl) were removed from the reaction 189 mixture at specified times, and the reaction was stopped by adding an equal volume of 10,000xg for 10 min to remove unhydrolyzed γ-32 P-GTP substrate, and 500 μl of 206 supernatant was immobilized on filter paper in scintillation vials and mixed with 3 ml 207 scintillation fluid. In addition, an aliquot of 10 μl of control reactions was removed from 208 the reaction mixtures, diluted in 490 μl quenching buffer and the complete 500 μl were 209 immobilized on filter paper in scintillation vials. Samples were counted using a Liquid 210 Scintillation Analyzer Tri-Carb 2800TR (Perkin Elmer). 211
The data were analyzed using GraphPad Prism (GraphPad Software, San Diego). 212
The initial rate of reaction was obtained by plotting the amount of product (GDP) over 213 Binding of GTP to FlhF protein was measured by mixing lysates with 2.4 μCi of 227 α-32 P-GTP (t=0). Aliquots of 5 μl (containing 0.06 μCi) were removed from the reaction 228 mixture at specified time points (0-40 min) and spotted on dry nitrocellulose membrane 229 (BioRad). Control reactions containing "empty vector" lysates or no protein were 230 performed in the same way. The nitrocellulose was allowed to dry, then exposed to a 231
PhosphoImager screen which was read by a Typhoon FLA 7000 (GE Healthcare). 232
Competition reactions containing 400 µM cold GTP (10,000-fold excess) were set up in 233 the same way, with cold competitor being added to the reaction at ca. 30-60 sec after 234 lysates were mixed with α-32 P-GTP. Triplicate samples were measured at each time 235 point, and each experiment was repeated 3-5 times. A representative example of the raw 236 data generated in this assay is presented in Fig. S7 . 
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Bacteria were cultured in LB plus 0.2% arabinose as described above for TEM, 282 then spotted onto glass slides and observed by dark-field microscopy with a Zeiss 283
Axiostar plus microscope (10x objective). Video clips were obtained using a Canon Vixia 284 HFS200 camera and analyzed with ImageJ software using the manual tracking function. 285
For each strain, the movement of at least 60 bacteria was followed for 30 consecutive 286 images (30 frames per 1 sec) to obtain average velocity (path length/sec). 287 288
FliC binding assay 289
P. aeruginosa was grown overnight at 37°C in LB medium containing 0.2% 290 arabinose, diluted 1:25 into fresh medium the next morning, and incubated for 1h at 291 37°C. Slides were incubated with PBS containing BSA (100 µg/ml) or BSA (100 µg/ml) 292 plus anti-FliC antibodies (2 µg/mL), as indicated, for 30 min at RT. Antibody-or BSA-293 coated slides were incubated with bacteria for 5 min at RT prior to imaging. Movies 294 were taken immediately using a Nikon Eclipse TS100 microscope (100x objective) 295 equipped with a Canon Vixia HFS200 camera. One minute video clips were analyzed 296 manually to differentiate between bacteria that were attached vs. not attached (i.e. subject 297 to Brownian motion (Fig. 1A & B) . Although the majority of residues that are conserved in SRP-like 318
GTPases are easily identified in P. aeruginosa FlhF, some residues implicated in 319 nucleotide-Mg 2+ ligation and nucleophilic attack are altered in the P. aeruginosa protein, 320 e.g. the G3 motif DxxGRL (aa 187-191 in E. coli Ffh) is DxxGLP. We therefore 321 explicitly tested whether purified FlhF exhibited GTPase activity. 322
Carboxy-terminal His 6 tagged FlhF was expressed in P. aeruginosa and in E. coli. 323
The protein complemented the motility and swarming defects of the P. aeruginosa ∆flhF 324 strain, demonstrating that the tag did not interfere with biological function of the protein 325 (data not shown and below). The protein was purified by metal affinity chromatography 326 from E. coli and assayed for GTP hydrolytic activity. FlhF hydrolyzed GTP to GDP and 327 P i (Fig. 1C) . 328
The amount of soluble wild type FlhF-His 6 produced in E. coli was quite low, and 329 precluded careful, kinetic analysis of wild type and mutant FlhF protein. Expressing 330 FlhF-His 6 as an amino-terminal GST fusion protein resulted in increased protein yields. 331
The majority of GST-FlhF-His 6 was insoluble, but we established a protocol for 332 purification by metal affinity chromatography under denaturing conditions and 333 subsequent refolding. We confirmed that wild type GST-FlhF-His 6 retained hydrolytic 334 activity after this purification procedure similar to that of FlhF-His 6 purified under non-335 on January 1, 2018 by guest http://jb.asm.org/ Downloaded from denaturing conditions. Refolded protein was therefore used in all subsequent assays (Fig.  336   S1) . 337 338
Mutation of predicted FlhF active site residues alters GTP hydrolysis 339
FlhF consists of an amino-terminal B domain followed by a conserved NG 340 domain common to all SRP GTPases ( Fig. 2A) . Several amino acid residues predicted to 341 play roles in either GTP binding and/or hydrolysis based on available crystal structures of 342
Bs FlhF and E. coli (Ec) Ffh and FtsY GTPases were mutated (29, 31-33). These included 343 two residues within the nucleotide binding pocket (K222A and D294A) and the predicted 344 catalytic arginine within the active site (R251G). We noted that Pa FlhF lacks the 345 positively charged residue that usually follows the D 294 xxG motif in non-Pseudomonad 346
FlhF homologs, and used site-directed mutagenesis to change this sequence (DTAGLP) 347 to the commonly observed consensus sequence DTAGRL, creating the L298R,P299L 348 double mutant (Figs. 1B & 2B) . All mutated FlhF proteins were expressed in E. coli, 349 purified and assayed for GTP hydrolysis in the presence of 1 μM MgCl 2 (Fig. 2C , Table  350 3 2C & 2D) . We had a difficult time fitting a curve to these data points, as reflected in the 360 error associated with the estimates of K m for these reactions (Table 3) . 361
We carried out several controls to confirm that the GTP hydrolysis that we 362 observed could be ascribed to FlhF. We purified lysates from cells carrying the empty 363 vector pGEX-6P-2, using the same protocol as for our FlhF-expressing cells, and 364 analyzed these preparations along with a second negative control, purified GST (Fig.  365   2D ). Neither of these negative control preparations showed GTP hydrolytic activity. In 366 addition, an aliquot of the same FlhF protein used for the enzymatic assays was analyzed 367
by MS/MS to confirm that no other nucleotidase had co-purified with FlhF (Table S1) . 368
369
Nucleotide binding characteristics of wild type and mutant FlhF proteins 370
The differential radial capillary action of ligand assay (DRaCALA) was used to 371 compare nucleotide binding properties of wild type and mutant FlhF proteins (23). This 372 assay, which exploits the ability of dry nitrocellulose to separate protein-ligand 373 complexes and free ligand, was used to measure α-32 P-GTP binding over time to wild 374 type and mutant FlhF alleles in the absence and presence of excess cold GTP competitor. 375
Non-specific binding was assessed using samples prepared from cells expressing GST 376 alone. All alleles tested, with the exception of D294A, showed comparable initial 377 binding of α-32 P-GTP; the D294A mutant reproducibly showed no specific binding above 378 background (Fig. 3A) . In the absence of excess cold competitor, ligand binding by wild 379 type FlhF slowly decayed, while the K222A and L298R,P299L proteins consistently 380 showed more rapid dissociation of ligand. As GTP is labelled on the α phosphate, this 381
on January 1, 2018 by guest http://jb.asm.org/ Downloaded from experiment does not distinguish between between bound substrate (GTP) versus product 382 (GDP). The R251G mutant consistently exhibited an increase in the fraction bound of 383 ligand over the initial period of the assay, and did not show appreciable dissociation in 384 the absence of cold competitor (Fig. 3A) . 385
Dissociation of bound α-32 P-GTP/GDP was also measured after the addition of a 386 10,000-fold excess of cold GTP (Fig. 3B) . Again, R251G ligand binding was seen to 387 decay at a slower rate than that of wild type FlhF. As wild type and R251G FlhF proteins 388 hydrolyze GTP at comparable rates (as measured by release of P i ), this result likely 389 reflects slower dissociation of α-32 P-GDP from R251G. 390
391
Mutations in FlhF alter protein homodimerization 392 GTP binding by SRP and SRP receptor (SR) GTPases precedes their 393
heterodimerization and enzymatic activation, while hydrolysis of GTP is followed by 394 heterodimer dissociation, as determined by the work of many laboratories and recently 395 reviewed (34). As several of the mutant FlhF alleles showed altered nucleotide binding, 396
we explicitly tested whether their ability to dimerize was altered by these mutations. We 397 used a bacterial two-hybrid assay to measure dimerization, as soluble full-length FlhF 398 and mutant variants could not be purified in high enough concentration to allow 399 biophysical methods to be employed. The DNA binding domain of murine Zif268 400 protein (Zif) or residues 1-90 of the ω subunit of E. coli RNA polymerase (ω) were fused 401 to the carboxy-terminus of full-length FlhF (24). Expression of fusion proteins was 402 confirmed by probing Western blots of E. coli lysates with antiserum generated against 403 FlhF (Fig. S2) Zif binding site and could be measured by increased β-galactosidase activity (Fig. 4A) . 406
No increase in β-galactosidase activity was seen in control cells expressing ω (without 407 fused FlhF) and FlhF-Zif, or Zif and FlhF-ω (Fig. 4A) . This analysis was repeated with 408 ω and Zif fusions to the R251G, K222A and D294A alleles of FlhF. R251G formed 409 homodimers, but both K222A and D294A were significantly attenuated for dimerization 410 (Fig. 4A) . We also assayed the ability of each mutant protein to interact with wild type 411
FlhF. R251G interacted strongly with wild type FlhF (Fig. 4B) . K222A appeared to 412 interact more strongly with WT FlhF, as compared to D294A. 413
414
FlhF mutations are associated with altered flagellar function in single cell assays 415
Bacteria expressing FlhF mutant variants were analyzed for restoration of 416 flagellar motility by video microscopy. P. aeruginosa ∆flhF carrying wild type or mutant 417 alleles of FlhF integrated in single copy at the chromosomal attB site and under control of 418 the pBAD promoter were used for these and subsequent phenotypic assays. 419
Swimming of individual bacteria was characterized by measuring the distance 420 travelled by a bacterium in one second (path length, equal to average velocity). When 421 grown in 0.2% arabinose, ∆flhF bacteria complemented with wild type FlhF swam with a 422 distribution of path lengths indistinguishable from that of wild-type PAK (Fig. 5A ). This 423 concentration of inducer was therefore used for all subsequent phenotypic analyses. 424
Under these induction conditions, steady-state levels of wild-type and mutant FlhF alleles 425 (as estimated by Western blotting) were comparable, with the exception of FlhF(R251G), 426 which appeared to be present in greater amount (Fig. S3) . 427 on January 1, 2018 by guest http://jb.asm.org/
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The FlhF(L298R,P299L) allele supported swimming motility indistinguishable 428 from that seen with bacteria expressing wild-type FlhF (Fig. 5A) . In contrast, most 429 bacteria expressing FlhF(R251G) did not swim, as seen by comparing the distribution of 430 swimming velocity for this strain with the aflagellate negative control, PAK ∆fliC (Fig.  431   5B) . Bacteria expressing the two proteins that were hydrolytically inactive in vitro, 432 D294A and K222A, showed a distribution of path lengths intermediate to those observed 433 for WT FlhF vs. FlhF(R251G) (Fig. 5C) . and could be observed to pivot (<360˚) around a polar attachment point during the 1 min 459 movie acquisition (Fig. 5D ). Very few bacteria made a similar attachment to a BSA-460 coated slide, or when the aflagellate ∆fliC strain was incubated with antibody-coated 461 slides (Fig. 5D) . Although many R251G cells attached to antibody-coated slides, less 462 than 5% of these attached cells rotated (>360˚) (Movie S5). No rotating bacteria were 463 observed on BSA-coated slides (Movie S6), or when ∆fliC was imaged (data not shown). 464
This experiment confirmed that R251G bacteria assembled surface flagella, but the 465 majority of these flagella did not rotate. 466
467
Discussion 468
Enzymatic characteristics of P. aeruginosa FlhF 469
In this study, we showed that purified full-length P. aeruginosa FlhF is a GTPase, 470 with a high K m (~30 µM), slow turnover rate (k cat =0.06/sec) and low V max (25 µmol/h). were deficient for rotation. It is unlikely that gross differences in protein expression or 541 stability account for the altered flagellar function of the mutant proteins, as all were 542 detected at levels comparable to or greater than that of the wild-type allele in lysates 543 prepared from cells grown exactly as for motility assays. We did not detect endogenous 544
Pa FlhF by Western blotting, suggesting that the native protein is expressed at lower 545 levels than our chromosomally integrated pBAD construct. Overexpression of FlhF has 546 been associated with increased number of polar flagella in P. putida (8), and we also 547 observed occasional bacteria with two or three polar flagella in our EM analysis of the 548 complemented ∆flhF strains. We do not think that alteration of flagellar number could 549 account for the different swimming behaviors that we observed, however, as a similar 550 proportion of bacteria with >1 flagellum was observed for strains that showed wild-type 551 swimming (i.e. PAK ∆flhF + WT, PAK ∆flhF + FlhF(L298R,P299L)) and for those that 552 In-frame deletion of amino acids 7-430 of FlhF 
